Abstract-Bufosteroids, bufalin (4-5&times;10<SUP>-5</SUP> g/ml), cinobufagin (7&times;10<SUP>-5</SUP>) and resibu fogenin (1&times;10<SUP>-4</SUP>) showed a neuromuscular block in rat isolated diaphragm prepara tions, while digitoxigenin and ouabain showed no such block. A block of the twitch induced by direct stimulation was observed in the denervated preparations only. Pre sumably, bufalin can be classified as a depolarizing blocking agent such as succinyl choline, however, differed in the following: blocking effect was potentiated in a bath deficient in sodium ions; it was sensitive to stimulus frequency change; lower doses of bufalin increased the post-tetanic potentiation and antagonized the blocking effect induced by magnesium.
MATERIALS AND METHODS 1) Rat diaphragm nerve-muscle preparation
Male Wistar rats weighing from 250 to 300 g were sacrificed by a blow on the head. Methods of dissection and mounting the preparation were similar to those described by Bulbring (19) . The preparation was removed from the animal and suspended in Tyrode solution bubbled with a mixture of 5 % CO, in 02. The Tyrode solution used had the following composition (expressed in mM/litre): NaCI, 137; KC1, 2.6; CaCl2i 1.05; NaHCO3, 11.9; NaH2PO4, 0.41; glucose, 5.5. The capacity of the bath was 40 ml and the temp.
was maintained at 25-28°C. The electrode system closely resembled that described by Mogey, Trevan, and Young (20) . The phrenic nerve was stimulated by Nihon Kohden electronic stimulator Model MSE-3R at a frequency of 0.1 Hz with supramaximal rec tangular pulses of 0.2 msec duration. When applying direct stimulation on muscle, the intensity was raised up to 80 V. Contractile response of the diaphragm was recorded on a smoked paper with an isotonic lever.
When the effects of drugs on the post-tetanic potentiation of muscle twitch response were studied, the tetanic stimulation, 30 Hz for 10 sec, was used to induce the post-tetanic potentiation (21) .
When using a sodium-deficient solution, NaCl in Tyrode solution was partially re placed with an equimolar amount of sucrose.
2) Rat gastrocnemitis nerve-muscle preparation Male Wistar rats weighing from 250 to 300g were anesthetized with urethane, i.p. (1 g/kg). The sciatic nerve of the left leg was exposed between the hamstring muscles, crushed centrally and placed on a shielded bipolar platinum electrodes. The hind limb was fixed by means of a steel drill through the knee joint and securely clamped at the ankle joint to a rigid frame. The tendon of the gastrocnemius muscle was cut at its insertion and attached to a semi-isotonic lever. The sciatic nerve was stimulated at a frequency of 0.2 Hz with rectangular pulses of supramaximal voltage and 0.2 msec duration. The test solution was injected into the femoral vein of the contralateral leg in which a poly ethylene tubing was placed. Electro-cardiograms were monitored throughout.
3) Chronic denervation of the left hemidiaphragm of the rat Under ether anesthesia, the chest was opened on the left side between the lower ribs and the left phrenic nerve was cut at 0.5-1.0 cm from the site of entry into the diaphragm after which the chest was immediately closed with sutures. The animals were then allowed to recover and 10 days after denervation, were sacrificed. The denervated diaphragm was then set up in the same way as for the innervated preparation. 4) Chick biventer cervicis nerve-inrescle preparation Chicks were anesthetized with ether. The preparation, prepared as described by Ginsborg and Warriner (22) , was suspended in an organ bath containing 50 ml of oxygen ated Tyrode solution at 37°C. The tendon, with nerve ensheathed, was passed through a platinum electrode assembly and attached to a semi-isotonic lever, 5) Effect on true-cholinesterase activity Male Wistar rats weighing approx. 280 g were sacrificed by bleeding and whole brains without cerebellum were chipped out, homogenized with 4.0 ml of purified water, and centrifuged at 600 g for 10 min. The supernatant fluid was collected and stored at -5'C as an enzyme source (23) .
Effect of bufalin on cholinesterase activity was tested by using the photometric indi cator method (24) . Mixed solution containing 25 mg of acetylcholine, 0.2 nil of the super natant fluid, the unknown drug, and phenol red as color indicator was incubated at 37'C for 3 hr. The comparison of pH values was made photometrically at a wavelength 570 m,a. In order to prevent the effect of non-enzymatic hydrolysis, values, dpH, were intro duced. These values indicate the discrepancy in two pH values of the resulting mixtures, one containing the enzyme, and the other the non-enzyme. Bufalin, cinobufagin, resibufogenin, and digitoxigenin were prepared in a stock solu tion of 2 mg/ml in 50% ethanol as these are insoluble. Digitoxin and ouabain were dis solved in distilled water or in 50% ethanol in order to make a comparison with the in soluble genins.
RESULTS

1) Effects of bufalin and other cardiotonic steroids on rat diaphragm
Bufalin: After addition of bufalin (4-5 x 10-5 g/ml) to the organ bath, the ampli tude of twitch tension caused by indirect stimulation was progressively developed for a period of up to approx. 20 min, followed by a sudden reduction and complete neuromyal blockade (Fig. 1, A) . This blockade was easily restored after several washings (Fig. 1, A) .
For convenience, this neuromyal blockade of rat diaphragm by bufalin (4-5 x 10-5) will be termed the "bufalin-induced blockade".
On direct contraction, an increase in amplitude was also observed with concentrations of 4-5 x 10-5 of bufalin (Fig. 1, B) , whereas a reduction was not recognised even if the con centration was raised up to 7 x 10'5 g/ml.
In a concentration of I X I0', amplitude was very gradually reduced and a complete blockade was observed after a delay of approx. 50 min ( Fig. 1, C) . The effect of the solvent, used here alone, was also tested. When bufalin was applied at the concentration of 10' g/ml, the maximum concentration in this study, ethanol was calculated to attain to 2.5 x 10'2 g/ml. This concentration of ethanol did not appreciably affect the directly or indirectly stimulated muscle. In some preparations, a slight increase in the twitch height caused by nerve stimulation was observed a few min after ethanol.
When 0.2% solution of bufalin was applied for 30 min directly to the phrenic nerve trunk by using an isolated chamber, the twitch amplitude caused by indirect stimulation appeared completely normal. for the innervated preparation and direct stimulation was applied to muscle to produce the twitch response. Bufalin: In a concentration of 2x10-', bufalin reduced the twitch response. In a concentration of 4 x 10-5, a complete block took place. In any concentration of bufalin, the increase in twitch amplitude, seen in the normal diaphragm, did not take place in the denervated animals.
Resibufogenin: In a concentration of 5>,,10-', resibufogenin reduced the twitch response but did not result in a complete block, which indicates that resibufogenin is less effective than bufalin. Resibufogenin did not increase the twitch height of denervated diaphragm at any concentration.
Ouabain: In a concentration of 2,X 10-5, ouabain had no appreciable effect on the twitch response, however, at a concentration of 4 x 10-x, a decrease in the twitch response was seen. In a concentration of 6 x 10-5, approx. 30 min after addition, a complete block was observed. In the case of ouabain also, the increase in twitch amplitude was not seen in denervated preparations. On the other hand, when the diaphragm isolated from inner vated animals was exposed to a solution containing one-fifth the normal level of calcium, the twitch amplitude caused by direct stimulation was not increased by bufalin (2 x 10-5, 4 x 10 and 1 x 10-'), resibufogenin (4 x 10' and 1 x 10-'), and ouabain (4 x 10-5, 1 x 10', and 2 x 10-').
3) Effects of bufalin and ouabain on the gastrocnemius muscle of the rat in situ Bufalin: When bufalin (3.5 mg/kg, i.v.) was injected in an urethanized rat equipped with an isotonic lever attached io the Achilles tendon, a weak chronic convulsion and re spiratory failure were evident without affecting the muscle twitch response induced by nerve stimulation. When a fuirther dose of 2.0 mg/kg of the agent was given to the animals placed under artificial respiration, inhibition of the muscle twitch response was immediate, and cardiac arrest followed. These results indicate that a concentration of bufalin which produces muscle blockade in the rat gastrocnemius muscle in situ is approx. the same as in the rat diaphragm in vitro. Ouabain: Greeff and Westermann have reported that ouabain increased the indirect twitch response in a dose of 1 mg/kg (i.v.) and produced a block in a dose of 3 mg/kg (i.v.) though not in all cases (12) . In our experiments, however, with doses of ouabain 1, 4 and 10 mg/kg (i.v.) an increase in indirect twitch height was seen in all cases, without any reduction.
4) Effect of bufalin on biventer cervicis muscle of the chick
Application of bufalin (1.25 10'x) resulted both in increase in the muscle tone and in decrease in the twitch response. This effect was slightly restored after washing out. effects : the former was reduced and the latter was enhanced (Fig. 3 ).
This effect of bufalin disappeared approx. 30 min after washing (Fig. 3) . 
6) Effect of' eserine on the bufalin-induced blockade
When eserine sulfate (5 10-') was applied 5 min before bufalin, the bufalin-induced blockade was slightly affected, while the succinylcholine-induced blockade was obviously potentiated.
7) Effect of stimulus frequency changes on the bufalin-induced blockade
Onset of the bufalin-induced blockade was markedly hastened when the stimulus fre quency was increased up to 0.5 or 1.0 Hz. The time required until blockade took place appeared to be proportional to the frequency increase. In the case of succinylcho line, however, these frequency-dependent properties were less obvious than those of bufalin, i.e., at a frequency of 0.5 Hz, the neuromuscular block by succinylcholine (10-s) occurred after approx. the same time. Alternatively, when the twitch by nerve stimulation had been decreased to approx. half, bufalin (2 y 10-5) was applied. In this case, the twitch height recovered within a few min to two-thirds that of the initial twitch and remained at this level for at least 30 min.
10) Effects of bufalin and other cardiotonic steroids on the post-tetanic potentiation on muscle twitch response In order to examine the pre-junctional component of actions of bufalin and other compounds, effects on the post-tetanic potentiation (PTP) of the muscle twitch response were studied according to the method described by Segawa et al. (21) . Two values, PTP magnitude and -duration, were introduced (21): the former indicates the ratio of the maxi mum post-tetanic twitch tension to the pre-tetanic one; the latter indicates the period from immediately after suspension of tetanus to the time when the potentiated twitch tension decreases to just the pre-tetanic level. In general, when the single twitch tension is in creased by drugs, both PTP-magnitude and -duration tend to show lower values than the actual ones. Accordingly, when the pre-tetanic twitch tension is increased and the PTP value is reduced, there is no suggestion of a pre-synaptic significance. Bufalin: In a concentration of I x:10-6, bufalin increased both the PTP-magnitude and -duration without affecting the pre-tetanic twitch tension.
Resibufogenin: At a concentration of 2 x 10-'x, very little effect was seen on either the pre-tetanic height or the PTP values. In a concentration of 4 x 105, the single twitch height and the duration increased, while the magnitude remained almost unchanged.
Ouabain: Ouabain, in a concentration of 2 x 10-5, increased the single twitch height but there was very little effect on the magnitude and the duration of the PTP.
In addition, other chemicals such as guanidine, phenol and calcium ions were studied regarding the excitation on motor nerve terminals. Guanidine: At a concentration of I x 10-', guanidine hydrochloride increased the single twitch and the duration of the PTP without affecting the PTP-magnitude.
Phenol: In a concentration of 1 x 10', phenol markedly increased the pre-tetanic twitch height and the PTP-duration but the magnitude remained unchanged.
Calcium ions: A four times the normal level increase in the calcium ion concentration decreased the pre-tetanic height, increased the PTP-duration, but did not affect the magni tude. These results are in fairly good agreement with those reported by Segawa et al. (25) .
11) Effect of bufalin on true-cholinesterase activity
As the pre-synaptic effect of bufalin has been already considered, the presence of the anticholinesterase action was determined in the concentration which caused the neuro muscular block. According to the method described by Shibata and Takahashi (24), a study was done regarding the effect of bufalin on aeetylcholinesterase activity in the super natant fluid of rat brain homogenate. The JpH value of the resulting mixture containing bufalin (10-') coincided with that of control (Table 2) . Eserine, however, had a resistance to change in the pH value, and the mean value of dpH by eserine sulfate (10-') was sig nificantly (P<0.01) small as compared to control (Table 2) . 
DISCUSSION
The present results indicate that bufosteroids, bufalin, cinobufagin, and resibufogenin, produced a neuromuscular block in isolated rat diaphragm, rat gastrocnemius muscle, and isolated chick biventer cervicis muscle, whereas cardenolides, digitoxigenin and ouabain, showed no such block. Greeff and Westerrnann (12) have reported that ouabain resulted in a neuromuscular block in rat gastrocnemius muscle at a dose of 3 mg/kg (i.v.) though not in all cases. This blockade could not be demonstrated by the authors even with a dose of 10 mg/kg. Similarly, the former authors reported that ouabain on isolated rat diaphragm, in a concentration of I l0', partially blocked the responses caused by both indirect and direct stimulations when the potassium ion concentration of Tyrode was in creased up to 1.5 times (0.030%) normal (12) . In the results herein, however, ouabain (I 1.0-") did not inhibit the responses even when the potassium ion concentration was increased up to 2.5 times the normal. These results indicate cardenolides to have a weak effect on the neuromuscular junction, but bufogenins such as bufalin, cinobufagin, and resibufogenin cause a neuromuscular block in these three preparations.
The neuromuscular block induced by bufalin on isolated rat diaphragm recovers im mediately after washings, thus the properties of the effect of bufalin on the neuromuscular junction by using this preparation exclusively were investigated.
Bufalin and resibufogenin were enhanced regarding blocking actions in chronically denervated diaphragm and even ouabain (which showed no block in the normal diaphragm) showed a block in the denervated preparation. Paterson (26) has reported that the effects of acetylcholine, succinylcholine, and decamethonium were sensitized on the chronically denervated rat diaphragm. Accordingly, the results herein suggest that these cardiotonic steroids have a depolarizing effect on the post-synaptic membrane.
Moreover, with the bufalinized diaphragm, the effect of succinylcholine was enhanced and that of d-tubocurarine was reduced (Fig. 3) which suggests that bufalin acts on the neuromuscular junction as a depolarizing agent. Furthermore, bufalin increases the muscle tone and decreases the twitch responses of biventer cervicis muscle of the chick which suggests the finding that bufalin is a depolarizing agent (22) .
An increase in the potassium ion concentration, 23 times that of normal, potentiated the neuromuscular blocking actions of hufalin and succinylcholine. These are consistent with the hypothesis that bufalin as well as succinylcholine can be classified as a depolariz ing blocking agent.
A decrease in the sodium ion concentration, 0.5 and 0.25 times that of normal level, markedly facilitated the neuromuscular blocking action of bufalin, but not succinylcholine.
Segawa et al. (25) have reported that when the sodium ion concentration was reduced to 0.5 and 0.45 times the normal, the PTP of the twitch response decreased markedly. The mechanism of the development of the PTP is still unclear but many investigators have favoured the hypothesis that the PTP is accounted for by the acceleration of the transmis sion mechanism in the pre-synaptic terminals (25) . From this point of view, the possibility cannot be dismissed that bufalin may act synergistically with the depression of the trans mission mechanism in the motor nerve terminals induced by a sodium deficiency.
As bufalin (1-2 x.10-') increased in the PTP and antagonized the neuromuscular block caused by magnesium, the motor nerve terminals may be facilitated in concentrations not causing the block.
When the stimulus frequency was increased, onset of the bufalin-induced blockade was markedly hastened, whereas that of the succinylcholine-induced blockade was influ enced very little. This phenomenon has been observed with agents presumed to influence acetylcholine synthesis such as hemicholinium-3 (27) and triethylcholine (28) . It is, how ever, difficult to consider that the blockade by bufalin is due to the inhibition of acetyl choline synthesis, as this effect was recovered very rapidly after washing.
The present results suggest that the bufalin-induced blockade is partially due to de polarization properties on the post-synaptic membrane, but bufalin is considered to have both stimulant and depressant phases of action on the pre-synaptic terminals, the latter being concerned with a neuromusclular blockade.
Further data is now in preparation. 
